ABSTRACT Grounding electrodes with good current discharging performance can ensure the reliability of power system security. Discharging current is not only the reason for accelerating the corrosion, but also the key indicator of the grounding electrodes' grounding performance, which directly affects the grounding resistance, step voltage, ground potential distribution, and other macro grounding parameters. This paper focuses on the discharging current distribution of horizontal and vertical grounding electrodes. Based on the FEM of space tetrahedron and space coordinate transformation method, the calculation model of the horizontal grounding with ground lead and the vertical grounding is proposed, and distribution of discharging current on grounding electrodes with different length is analyzed. Results reveal that discharging current distribution on different location of the aforementioned grounding electrodes. Components of discharging current density on grounding electrodes surface and ground lead exhibit sinusoidal distribution along the circumference of the section on grounding electrodes, and discharging current inside the section are more concentrated on the surface of the section and less on the center. Most discharging current near the junction between horizontal grounding electrodes and ground lead is perpendicular to plane defined by grounding electrodes and ground lead.
I. INTRODUCTION
Current discharging ability of grounding electrodes is a comprehensive indicator for evaluating the grounding performance. The unbalanced current, fault current and other induced current in the power system are quickly discharged into the soil through the grounding electrodes to ensure the safety and reliability of the operation of the power equipment. Distorted discharging current that will accelerate the corrosion and is likely to cause changes in macro grounding parameters including ground potential rise, grounding resistance, stepping voltage etc. Thus, current distribution of the grounding electrodes surface has far-reaching engineering significance.
Numerous scholars have carried out detailed theoretical analysis on the current distribution of grounding electrodes in the DC transmission system. Establishing the Green's function in the semi-infinite soil, and separating variable
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processing of Green's function in the cylindrical coordinate system to get the solution in Bessel function form, finally Hankel variation and digital filtering method are adopted to solve the potential distribution at any point in the space [1] - [5] . To reduce complexity of the Green's function solving process, [6] , [7] use the image method to approximate the solution of the Green's function, and proposed an adaptive selection method for sampling which increases the computational efficiency. The particle swarm algorithm is introduced into the soil medium to solve the Green's function in [8] , and the method is proved to have higher reliability than Moment of Method (MoM) in some cases. Reference [9] , [10] analyze the surface potential and current distribution of DC grounding electrodes through Finite Element Method (FEM) analysis software ANSYS. An electric network model for the calculation of current field of the ring grounding is established in [11] , and the related parameters of current field are calculated by transforming the field problems into path problems. However, the above methods all regard the grounding electrodes as a point current source without consideration of the non-uniformity of discharging current, and calculation errors may be caused in a region closer to the grounding electrode. Furthermore, if the distribution of the discharging current is extremely uneven, the grounding resistance, the surface potential and other parameters may deviate from the existing theoretical calculation values to some extent, which can cause serious safety hazards. Stray current has similar physical properties as discharging current, most metal corrosion related to grounding current field studies focus on the corrosion process of buried pipelines under the influence of stray currents generated by grounding systems [12] - [15] . Reference [16] studied the dynamic process of corrosion for buried pipelines influenced by different operating mode of grounding electrode. FEM is used to simulate the corrosion potential, electric field and current around buried pipeline with consideration of stray current in [17] . In fact, there is long-term discharging current on grounding electrodes, unlike ordinary buried pipelines, which results in plenty of corroded micro-batteries existed on the grounding electrode, thereby accelerating the corrosion. Therefore, analyzing the discharging current distribution of grounding electrodes is the premise of studying grounding corrosion.
To solve above problems, this work focuses on the most commonly used horizontal grounding electrodes and vertical grounding electrodes. Based on the FEM of space tetrahedron and space coordinate transformation method, the FEM calculation model of horizontal grounding electrodes and vertical grounding electrodes are built, then the distribution of discharging current on grounding electrodes is analyzed. Results systematically reveal the distribution of the discharging current on grounding electrodes.
II. THEORY OF FEM FOR GROUNDING ELECTRODES
Electric field generated by discharging current is much larger than the induced electric field when grounding current discharge from grounding electrodes into the soil medium. The electromagnetic field distribution at any point in the semiinfinite soil medium space follows quasi-static Maxwell's equations.
where J c is the conduction current density, D is the electrical displacement, B is the magnetic induction, H is the magnetic field strength, E is the electric field strength, ω is the angular frequency, and ρ is the space charge. The electromagnetic parameters in the soil medium satisfy the following relationship:
where ε is dielectric constant, µ is the magnetic permeability, γ is the electrical conductivity. Bring equation (2) into equation (1) , and take the divergence on both sides of the equation and introduce the scalar potential to obtain the space potential equation in the soil medium:
where (γ + jωε) is complex conductivity, the complex conductivity is independent of the spatial position when the dielectric space is approximated to isotropic, then equation (3) can be transformed into the Laplace equation.
Calculating the potential at any point in the space by solving the partial differential method is extremely complicated and the equation sometimes cannot be solved. Therefore, FEM is adopted to build the calculation model for discharging current on grounding electrode. For the three-dimensional space, a more adaptable spatial tetrahedral structure is selected as the splitting unit, and the four vertices are numbered as follows. The potentials in any selected tetrahedral splitting unit can be approximated by polynomials as follows: (4) where N ei is the difference basis function of the i-th vertex in the selected tetrahedron e, V ei is the potential of each vertex in the selected unit. According to equation (3) and the divergence theorem, the Laplace equation orders on each unit can be reduced [18] .
where S e is surface of tetrahedron e, J e is the current density of flowing out of S e , n se is the outer normal vector about the S e surface of the integral variable. Equation (4) is taken into equation (5), and the Galerkin weighted residual method (the weight function is equal to the difference basis function) is used to process both sides of the equation, the weighted residual method for vertex j is as follows. The entire solution domain can be divided into an infinite number of tetrahedral elements to be solved. Taking two adjacent tetrahedrons as an example, the global method of analyzing the grounding pole is as follows. The two tetrahedrons are numbered xy and marked in red, local number of each tetrahedron is 1, 2, 3, 4 and marked in blue, global numbers are 1, 2, 3, 4, and 5. According to formula (7) , the potential at local numbered 1, 2, 3, 4 of any one tetrahedral element and its discharging matrix k ) i,j , the matrix coefficient is zero when two nodes are not adjacent, coefficient between two adjacent nodes is composed of the algebraic sum of the local discharging coefficients for the connection of two point. Global discharging matrix of the two tetrahedral is shown as below.
[
The potential matrix can be expressed as:
According to the above analysis, the global coefficient matrix can be obtained by analyzing the relationship between the node and the tetrahedral unit. According to the coefficient matrix of each unit, the coefficient matrix of the full space can be obtained.
III. FEM CALCULATION MODEL OF GROUNDING ELECTRODES
This paper mainly focuses on grounding electrodes of transmission tower. Horizontal grounding electrodes and the vertical grounding electrodes are most widely used in practical engineering of transmission tower, which has many advantages including simple construction and low cost. FEM calculation model of the discharging current distribution on those electrodes was built.
The long-term current on the tower grounding electrodes is the induced current between the transmission line and the overhead ground line, which is power frequency steady alternative current with small magnitude. Therefore, 1A direct current is selected to simulate the actual excitation for grounding electrodes. The length of vertical grounding electrodes and horizontal grounding electrodes in calculation model are both 5m, ground lead (buried depth) is 0.8m, soil resistivity is 100 · m. Actual radius of grounding electrodes is too small, which will increase calculation complexity. The selected radius is enlarged to 0.02m to simplify the calculation. Ground lead is connected perpendicularly to horizontal grounding electrode. Since ground lead is parallel with vertical grounding electrode, ground lead and the vertical grounding electrodes can be approximated as a whole, thus equivalent vertical grounding electrodes should be 5.8 meters. Ground surface is the xOy plane at z = 0, research objects select the vertical grounding surface cut lines x1, x2, y1, y2, ground lead surface cut lines x1 , x2 , y1 , y2 , horizontal grounding surface cut lines x1, x2, y1 , y2 , and marked in blue.
Horizontal grounding electrodes and vertical grounding electrodes of transmission tower have a much smaller size than grounding grids for substation. Soil that has much greater size than those grounding electrodes can be considered to be homogeneous medium. A hemispherical model was built to simulate infinite uniform soil medium. The process of the discharging current propagation in the soil is an open domain problem. Direct truncation method require the hemisphere area needs at least 5 to 10 times the grounding electrodes size, which greatly increases the time complexity and space complexity. To improve the calculation efficiency, open domain problem can be transformed into finite space electromagnetic field analysis problem by coordinate transformation method. Any points in area V 3 (outside the model) can be mapped to area V 2 through the method, which effectively simulate the effect of discharging current distribution outside the solution region on the solution space V 1 . According to the above method, the radius of the V 1 region can be greatly reduced, and only needs to be slightly larger than the grounding electrodes size. The calculation model for the soil coordinate transformation is as follows [19] . 4 shows that coordinates of the V 1 area where the grounding electrodes is located remain unchanged, and the radius of V 1 is R. Map all points in the V 3 (outside the solution area, r > aR) to V 2 with the length of. The boundary S5 is the mapping boundary at infinity (r = ∞). Take any point in the area V 3 , P 1 r corresponding to the mapping point P 1 (r) in V 2 , P 1 (r) and P 1 r satisfy the following coordinate transformation.
where r = x 2 + y 2 + z 2 , r = x 2 + y 2 + z 2. Radius of boundary S5 must be greater than the radius of boundary S4, which means a > 1. In this work, a takes 1.5. The xOz crosssection of the hemispheric soil analysis model containing the mapped area is as follows. Grounding devices refer to horizontal grounding electrodes or vertical grounding electrodes. In Fig.5 , S1 is interface between ground lead and air, S2 is interface between grounding system and soil, S3 is interface between the soil and the air on ground surface, S4 is the interface between the solution area V 2 and the mapping area V 2 , S5 equivalent infinity boundary. The potential equation on the above boundary satisfies the following conditions.
According to the coordinate transformation method, the coordinates of any point in the V 2 region after coordinate transformation can be obtained. Combined with the equation (12) and the fundamental principles of FEM in Section II, discharging current at any point in the space can be solved.
IV. ANALYSIS OF DISCHARGING CURRENT DISTRIBUTION ON GROUNDING ELECTRODES
Discharging current distribution on the grounding electrodes directly affects the accuracy of calculating the grounding parameters. Extremely uneven discharging current distribution is easy to cause severe corrosion cracking. Different discharging current components on grounding electrodes are analyzed in detail.
A. AXIAL DISCHARGING CURRENT ON GROUNDING ELECTRODES SURFACE
Axial discharging current is defined as the discharging current along the grounding electrodes or ground lead. All parameters of calculation model are shown in Section III. For comparison, discharging current density along selected x1, x2, y1, y2 on the surface of the vertical grounding electrodes was calculated by FEM and MoM (40 micro segments were selected during calculation). The results as shown below.
MoM is generally acknowledged method to calculate the grounding parameters. Fig.6 indicates that results of FEM is almost the same with MoM, which effectively validate discharging current calculation model based on FEM. However, MoM need to divide grounding electrodes in many micro segments and regard discharging current in each segment is evenly distributed, which means MoM can only work when discharging current on x1, x2, y1, y2 are the same. Therefore, this method will not be adopted in the further current component calculation (discharging current in a certain micro segment are non-uniformly distributed on horizontal grounding electrodes with ground lead). Also, Fig.6 shows that axial discharging current on vertical grounding electrodes has a significant end effect, discharging current density at end is about 3.1A/m 2 and relatively large. Discharging current in the middle section ranges from merely 1.2 A/m 2 to 1.4A/m 2 , showing a uniform distribution. Discharging current density on line x1, x2, y1, y2 are basically the same, it indicates discharging current density on vertical grounding electrodes is symmetrical in different directions.
Horizontal grounding electrodes with ground lead consists of grounding electrodes and ground lead perpendicular to each other. Discharging current on x1 , x2 , y1 , y2 of ground lead and z1 , z2 , y1 , y2 of horizontal grounding electrodes represent discharging current in different direction. Discharging current distribution as shown below.
In Fig.7 (a) , the discharging current on line x1 and x2 show opposite trends. Discharging current on x1 affected by grounding electrodes to decrease, and the discharging current concentration on x2 . Discharging currents on y1 and y2 are the same, indicating that y-component of discharging current is symmetrical, and horizontal grounding electrodes (construction along x-axis) only affects x-component of discharging current. Fig.7 (b) shows that discharging current on z1 of horizontal grounding electrodes near ground lead is negative since most current will flow along ground lead (negative z-axis direction). Discharging current on z2, y1 , y2 still exhibit an obvious end effect and current density at both ends is 8A/m 2 to 14A/m 2 , and it at middle part is merely about 2A/m 2 . Discharging current distribution on z1, z2, y1 , and y2 show that discharging current is relatively evenly distributed on horizontal grounding electrodes except the location near junction where serious distortion occurs and the other end. The detailed analysis of discharging current at the location in Section IV. 
B. SECTIONAL CURRENT ON GROUNDING ELECTRODES
Axial discharging current cannot reflect current distribution in all direction accurately. Therefore, Current components on different sections of the grounding electrodes are selected to analyzed. Discharging current is defined as any current component perpendicular to the construction direction of grounding electrodes. The circumferential current of the section can affect the formation of the corrosive micro battery and the corrosion rate on the surface of carbon steel grounding electrodes.
1) VERTICAL GROUNDING ELECTRODES
According to Fig.3 , vertical grounding electrodes is constructed along the z-axis, and discharging current on the circumference of the section consists of x-component and y-component of current. All components of the discharging current on the circumference of the different section are as shown, where 0 to π are the positive x-axis directions and π to 2 π are the negative x-axis directions. Fig. 8 indicates that x-component and y-component of discharging current exhibit a sinusoidal distribution along the circumference. Coordinate of z is more negative means position of the section is closer to the grounding electrode. With the decrease of coordinate of z, discharging current density in both directions increases gradually from 1.3A/m 2 to 1.8A/m 2 while maintaining the sinusoidal distribution. Fig. 8(c) shows that total discharging current of the vertical grounding electrodes remains constant on circumference VOLUME 7, 2019 of same section. Total discharging current density in the middle of the grounding electrodes changes little, ranging from 1.3 A/m 2 to 1.45 A/m 2 , while discharging current density increases greatly by 1.95A/m 2 when cross section at z = −5.7m. Above distribution is consistent with the end effect of axial discharging current distribution. Fig.8 (d) indicates that the current is evenly discharged into the soil in all directions on a section at z = −3.5m and has obvious skin effect inside section. The skin effect in this work means the discharging current is largest near the surface for section of grounding electrodes, and less in the center of the section.
2) GROUND LEAD
Ground lead is the part of horizontal grounding electrodes with ground lead. Different current component distribution along sectional circumferences on ground lead as follow. In Fig.9 (a)(b) , the location far away from the junction on ground lead has similar discharging current distribution to vertical grounding electrode. Both x component and y component of discharging current exhibit a sinusoidal distribution along the circumference of the section, where Jx is about 1.2 A/m 2 and Jy is about 1.3 A/m 2 . Cross section at z = −0.75m is very close to the junction, and the discharging current is obviously affected by the horizontal grounding electrode, which causes uneven distribution of discharging current. Fig.9 (c) shows that total discharging current on the circumference of the section fluctuates around 1.3 A/m 2 . Since the horizontal grounding electrodes are constructed along x-axis, discharging current is small on rad of 0 to π means total discharging current in positive direction of x-axis on ground lead is gradually decreasing while discharging current is large on rad of π to 2 π indicates total discharging current in negative direction of x-axis on ground lead is gradually increasing. Total discharging current maintains sinusoidal distribution on the circumference of the section.
Total discharging current on section at z = −0.75 begins to be distorted, current in negative direction of x-axis is much greater than it in positive direction of x-axis, which indicates that discharging current on section near junction is already distorted. To accurately obtain discharging current distribution at that location, discharging current and axial current distribution inside the section at z = −0.7m and z = −0.75m on ground lead is as follows.
In Fig10 (a)(b) , discharging current inside cross section at z = −0.7m of ground lead that is affected by the horizontal grounding electrodes begins to appear uneven eccentric skin effect. Discharging current in the cross section is about 1.2 A/m 2 to 1.4 A/m 2 , and it along negative direction of the x-axis is slightly larger, but the overall distribution is uniform. Axial current in the section remains almost at 702.17 A/m 2 . Further close to junction, the internal current distribution of section at z = −0.75m has been severely distorted, and discharging current increases as a whole and the maximum value reaches about 15.8A/m 2 , while discharging current along construction direction of horizontal grounding electrodes is small (x-axis direction), and discharging current is concentrated in the direction perpendicular to horizontal ground (y-axis direction). Fig.10 (d) shows that the axial current concentrates on the side close to the horizontal grounding electrodes and exists current density gradient along x-axis direction (construction direction). Comparing Fig. 10(e) with Fig. 8(d) , current inside the section is along x-axis direction while discharging current on circumferences concentrates on y-axis direction of section.
3) HORIZONTAL GROUNDING ELECTRODES
Different current component distribution along sectional circumferences on horizontal grounding electrodes as shown below. Where 0 to π are positive directions of z-axis, and π to 2π are negative directions of z-axis.
In Fig.11 (a)(b) , z-component and y-component of discharging current exhibit a sinusoidal distribution along the circumference of the section. Smaller x means it is closer to ground lead while larger x means selected circumference is closer to the other end of grounding electrodes. On circumference at x = −2.48m, positive z-component is suppressed while y-component produces less distortion. With increasing of x, z-component of discharging current density increase from 1.2A/m 2 to 2.5A/m 2 , and y-component of discharging current density increase from 1.3A/m 2 to 2.6A/m 2 . Fig.11(c) shows that total discharging current on the circumference increases as it approaches end of grounding electrode, and the current on certain selected circumference is evenly distributed. Total discharging current is also distorted on the section closed to junction at x = −2.48m. Total discharging current along positive z-axis is less than it along negative z-axis, which indicates VOLUME 7, 2019 total discharging current along positive z-axis is suppressed by discharging current on ground lead and discharging current concentrate in negative direction of z-axis.
Discharging current on section near junction of grounding electrodes has obvious distortion. To accurately analyze the distribution of discharging current at the location, discharging current and axial current distribution inside the section at x = −2.4m and x = −2.45m on horizontal grounding electrodes is as follows. Fig.12 (a) (b) (c) (e) indicates that discharging current inside section of horizontal grounding electrodes at x = −2.4m appears uneven eccentric skin effect under the influence of ground lead, and internal discharging current of the section is slightly concentrated in negative x-axis where discharging current density is about 1A/m 2 to 1.4A/m 2 . The overall distribution is relatively uniform, and the axial current remains almost at 674.17A/m 2 on the section. Discharging current is increased to 16A/m 2 on section near junction at x = −2.45m with severe distortion. Positive z-axis component of discharging current affected by ground lead is small at x = −2.45m section, most current is discharged along y-axis into soil. A little bit further to junction but still near it, discharging current concentrate on negative z-axis direction. Discharging current inside and outside section flow along negative z-axis. Fig.12 (d) indicates that axial current density of section has a current density gradient along z-axis that increases uniformly from 665 A/m 2 to 700 A/m 2 , and axial current density is concentrated in the positive z-axis near junction.
C. INFLUENCING FACTORS FOR DISCHARGING CURRENT
Grounding electrodes usually have different structural parameters and are buried in different soil environment. The following influencing factors for discharging current are analyzed. When the influence of non-structural parameters (soil resistivity and injection current) are analyzed, vertical grounding electrodes are selected to simplify the calculation.
1) SOIL RESISTIVITY
Soil is one of the important indicators affecting grounding performance. Discharging current distribution on vertical grounding electrodes surface in soil with different soil resistivity as follow. Fig. 13 show resistivity of uniform soil has little influence on discharging current of vertical grounding electrodes. After the structural parameters of the grounding electrodes are determined, the contact area between soil and grounding electrodes must be the same. At that time, no matter how the soil resistivity changes, all injection current will still flow from the contact area to the soil. Discharging current on grounding electrodes is like power source for grounding resistance, ground potential and other grounding parameters. The soil is medium, and field cannot affect the distribution of sources. Therefore, soil resistivity cannot change the current distribution pattern and current magnitude on any grounding devices with fixed structural parameters in uniform soil.
2) INJECTION CURRENT
The long-term current on the tower grounding electrodes is the induced current between the transmission line and the overhead ground line and the current magnitude is relatively small. The injection current 0.5A, 2.5A, 4.5A 6.5A, 8.5A are selected, discharging current distribution on vertical grounding electrodes as follow.
The discharging current density magnitude increases as the injection current increases from 0.5A to 8.5A. However, the current distribution pattern remains almost the same, the current is still concentrate less on middle location and more on the end. Injection current has little influence on the discharging current distribution pattern except the magnitude of discharging current. 
3) STRUCTURAL PARAMETERS
Diameter of grounding electrodes for transmission tower is usually roughly 10 mm because larger radius cost more grounding material and construction expense, radius of grounding electrodes does not change in most cases [20] . However, grounding electrodes usually have different lengths to ensure good grounding performance in soil with different resistivity.
According to the previous analysis, currents in all directions of vertical grounding electrodes are symmetrically distributed. A component of current can be taken as an example.
To compare current distribution on grounding electrodes with different lengths, the vertical grounding electrodes with a length of 5.8m to 30.8m (step length is 5m) is selected. Coordinates of the vertical grounding electrodes are divided by length of it to be normalized. The current distribution on vertical grounding electrodes are as follows. Fig.15 shows that vertical grounding electrodes with different lengths all have similar end effect, and discharging current inside the cross section has a uniform skin effect. With the increase of length, axial the cross-sectional discharging current density magnitude are both gradually reduced. Discharging current distribution pattern is consistent with the previous analysis.
For z+, z−, y+, y− four lines on horizontal grounding electrodes with ground lead, discharging current is distorted on the line z+ while is evenly distrusted on other three lines. Horizontal grounding electrodes with a length of 5m to 30m (step length is 5m) to be normalized. Discharging current on liney+ is as follows. Where 0 to π are positive z-axis direction, and π to 2π are negative z-axis direction. Fig. 11 and Fig. 16 are compared, it can be seen that axial discharging current density magnitude of the grounding electrodes surface decreases with the increase of the length, the amplitude of y-axis and z-axis current component, and discharging current near the ground lead. But the current distribution pattern is nearly consistent with it in Section IV-B. Discharging current on location far away from ground lead of horizontal grounding electrodes is consistent to the distribution on vertical grounding electrodes.
V. CONCLUSION
Discharging current distribution not only affects the grounding resistance, ground surface potential and other grounding parameters, but also is an important cause of non-uniform corrosion on the grounding electrodes surface. This paper focuses on discharging current distribution on horizontal grounding electrodes and vertical grounding electrodes that are most widely used in transmission tower construction. The research results are as follows:
1) Based on FEM of space tetrahedron and space coordinate transformation method, FEM calculation model of horizontal grounding electrodes with ground lead and vertical grounding electrodes are built, which effectively reduces the time complexity and space complexity of the coefficient matrix solution. In addition, two adjacent tetrahedrons are taken as an example, the mathematical relationship between the global coefficient matrix and the local coefficient matrix is described in detail.
2) Discharging current on lines x1, x2, y1, y2 of vertical grounding electrodes has same distribution (end effect), which means the current density at the end is larger. Discharging current density along x1 on ground lead is small while it along x2 is large. Discharging current density along z2, y1 , y2 on horizontal grounding electrodes has similar distribution with vertical grounding electrodes which is end effect. However, discharging current density along z1 on horizontal grounding electrodes has severe current distortion and most discharging current reflow into grounding electrodes near the junction.
3) Components of discharging current on any section of vertical grounding electrodes and horizontal grounding electrodes with ground lead are sinusoidal along circumference of the section. Total discharging current on circumference of cross section of vertical grounding electrodes is equal, and the distribution of discharging current inside the section has obvious skin effect. Discharging current on location far from ground lead of horizontal grounding electrodes has similar distribution with it on vertical grounding electrodes. Axial current near the junction concentrate along the inner surface that intersects grounding electrodes along ground lead. Current near the junction is mainly discharged perpendicular to the plane defined by grounding electrodes and ground lead into soil.
4) Soil resistivity and injection current can't affect discharging current distribution pattern and the current magnitude in uniform soil medium. The increase of the length causes the discharging current density magnitude on per unit length to decrease, which reduces the utilization ratio of the grounding electrodes material, but the distribution pattern is almost the same.
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